Die-cast plates of ASTM (American Society for Testing and Materials) AZ91D magnesium alloy were anodized by DC or AC electrolysis in a solution of phosphate and ammonium salt in which the anodized layer is formed by local discharge, followed by rapid solidification. Salt spray tests of the anodized specimens showed that AC electrolysis increases corrosion resistance and the anodized layers become denser compared with that for DC electrolysis. Tensile strength, elongation, and hardness were also improved by anodization, but higher anodizing bias and the resulting heating caused grain coarsening and a decrease in these properties. For the specimens that displayed remarkable improvement in mechanical properties, a decrease in network precipitates of the phase was observed. Improvement of mechanical properties is considered to be due to the fine precipitation of inside the grains of the phase at moderate temperature.
Introduction
Recently, magnesium alloys have been increasingly utilized to improve the fuel consumption of vehicles by reducing their weight and also by improving their rigidity. Suppression of oscillations, shielding of electromagnetic waves, and recyclability, in addition to the abundance of raw material resources, are also advantageous for the use of these alloys in electrical and electronic products. [1] [2] [3] However, magnesium is one of the materials which rust most easily because of its quite low potential region where metallic magnesium can inertly exist in wet environment. 4, 5) Thus, surface modification, which can successfully suppress corrosion of magnesium, is indispensable, especially in long-term services such as automotive applications where safety is strictly required.
As protective coatings for magnesium alloys, conventional anodization treatments by HAE 6, 7) and Dow17 [8] [9] [10] have been successfully utilized, but these methods involve harmful chemical agents such as chromium oxide (VI) and fluorides which must be restricted in order to reduce the environmental load. Another protective treatment for magnesium alloys by anodization is performed using an electrolyte that consists of phosphate and ammonium salts. [11] [12] [13] [14] [15] [16] [17] [18] This anodization, which is conducted at a higher voltage than that by HAE or Dow17, is accompanied by visible local discharge on the substrate and supposedly an increase of temperature at the surface. Considering that AZ91D magnesium alloy is known to show changes in mechanical properties according to heat treatment, 19) this anodization is thought to bring about the same effect as a heat treatment, depending on the electrolysis conditions. The main purpose of this research is to clarify the changes in the mechanical properties and microstructure caused by anodization.
Experimental Procedure
Die-cast plates of ASTM AZ91D (Mg-9.1Al-0.75Zn) magnesium alloy, the chemical composition of which is shown in Table 1 , were used as substrates. Anodization was conducted by electrolysis using direct current (DC) or alternating current (AC) with a solution of phosphate and ammonium salts. [11] [12] [13] [14] [15] [16] [17] [18] The counter electrodes were plates of stainless steel (JIS (Japanese Industrial Standards) SUS316L) which face both surfaces of the specimen, and the temperature of the electrolyte was 298 AE 5 K. The resulting thickness of the anodized layers were 1, 5, or 10 mm, which corresponded to the final bias used during electrolysis. Hereafter, a specimen anodized by DC electrolysis and a thickness of anodized layer of 1 mm is expressed as ''DC 1 mm''.
The surface and cross-sectional morphology of the anodized layers was observed by scanning electron microscopy, and corrosion resistivity was evaluated by a salt spray test (JIS Z2371). The time for salt spray testing required to obtain a corrosion state of rating No. 9 for each anodized specimen was conveniently used to quantify the corrosion resistivity. Here, the No. 9 rating is defined as the state in which 0.07-0.10% of the test surface is covered with corrosion products. Figure 1 shows the shape of the specimens used for tensile testing, where the speed of deformation was 8.3 mm/s. Cross-sectional hardness profiles were obtained by micro-Vickers hardness testing, where the load and hold time were 98 mN and 15 s, respectively. Figure 2 shows the appearance of the specimen during anodization. After initiation of electrolysis, the surface of the specimen was covered with an anodized layer whose color turned to white within a few seconds. The amount of gas generated on the surface increased with the growth of the anodized layer ( Fig. 2(a) ), and the surface was then covered with a visible local discharge or sparks when the bias reached 200 V ( Fig. 2(b) ). The thickness of the anodized layer was increased by raising the bias; the mechanism for formation of the anodized layer has been discussed in the previous reports.
Experimental Results

Effect of electrolysis on the properties of the anodized layer
14-18) Figure 3 shows the morphology of 10 mm thick anodized surfaces. Pores on the anodized surfaces decreased in size and number by the use of AC electrolysis compared with that for DC electrolysis, and differences in hardness were also evident, according to the mode of electrolysis (HV105 for DC 10 mm, HV145 for AC 10 mm). The corrosion resistivity, evaluated by salt spray testing (Table 2) , was improved when using AC electrolysis, and the tendency was pronounced for thicker anodized layers. Figure 4 shows the tensile strength and elongation of the anodized specimens. In the case of DC electrolysis, tensile strength and elongation were improved for DC 1 mm and DC 5 mm, compared with the as-cast specimen. However, further increase in the thickness of the anodized layer resulted in a decrease in these properties. On the other hand, AC electrolysis shows a monotonous increase in both tensile strength and elongation up to a thickness of 10 mm. Figure 5 shows cross-sectional hardness profiles of the anodized specimens. For the as-cast specimen, the hardness gradually changes with respect to the distance from the surface (HV82 at the surface, HV75 at a depth of 1.5 mm from the surface). Significant changes in hardness were observed in the anodized specimens, depending on the anodizing conditions used. For DC electrolysis, the hardness of DC 1 mm and DC 5 mm were increased compared with that for the as-cast specimen, but that for DC 10 mm was comparable to the as-cast specimen. On the other hand, AC electrolysis monotonously increased the hardness with respect to the thickness of anodized layer up to 10 mm, and the AC 10 mm specimen showed significant hardening of the entire specimen. Figures 6 and 7 show grain boundary maps and histograms of grain size, respectively, for the anodized specimens, as obtained by electron backscattering diffraction (EBSD) patterns. The DC 1 mm specimen shows almost the same grain size as that of the as-cast specimen, and rather coarse grains ($ 20 mm) can be found in DC 5 mm. Further coarse grains (> 20 mm) predominate in the case of DC 10 mm specimen. Figure 8 shows the cross-sectional area analysis of aluminum obtained by electron probe microanalysis (EP-MA). Particles of the -Mg 17 Al 12 phase are observed as aluminum-rich domains (Fig. 8(a) ), and the amount of phase decreases for DC 1 mm (Fig. 8(b) ), then increases for DC 5 mm and DC 10 mm (Fig. 8(c),(d) ). The precipitates of phase have a mainly network structure, especially in the ascast ( Fig. 8(a) ) and DC 10 mm (Fig. 8(d) ) specimens.
Effect of anodization on mechanical properties
Effect of anodization on microstructure
Discussion
Properties of the anodized layer
As seen in Fig. 3 , the anodized layer becomes increasingly dense and less porous using AC electrolysis treatment, and the same tendency has previously been reported for the anodization of AZ91D utilizing a chromium-free alkaline electrolyte. 20) Increase in the hardness of the anodized layer using AC electrolysis (HV105 (DC) ! HV145 (AC)) also supports densification of the layer. Densification is considered to be due to the lower anodizing bias used in AC electrolysis compared with that for DC electrolysis.
Since the bias required to cause breakdown in the dielectric anodized layer is considered to be equal for both DC and AC electrolysis at low frequency (60 Hz) under dry conditions, the lower bias required for AC electrolysis is probably due to the change in the environment surrounding the anodized surface. When the potential of the specimen is cyclically alternated, a corresponding momentary change in the concentration of H þ , OH À , NH þ 4 , and PO 3À 4 occurs, in addition to the generation of gases (H 2 , O 2 ). The lowered bias may be attributed to this change in environment, which causes a more rapid drop of potential near the surface and results in an earlier initiation of breakdown compared with that for DC electrolysis.
Because of the milder discharge encountered with AC electrolysis, smaller pores are created, resulting a denser anodized layer being obtained. According to previous research, 18) increase in the thickness of the anodized layer is preferable for improving corrosion resistivity of the substrate, due to the sacrificial function of the layer. This effect is markedly evident, especially in the case of thicker anodized layers (Table 2 ) with corrosion potentials that are less noble and corrosion currents lower than that of the substrate.
Mechanism of change in the mechanical properties
and microstructure Electrolysis at higher bias and the resulting increase in intense local discharge provide an increase in heat to the surface of the substrate; therefore, phase transformation, precipitation, recrystallization, and grain growth are thought to occur in systems that depend on anodizing conditions. As Figs. 4 and 5 show, tensile strength, elongation, and hardness are improved by anodization except for DC 10 mm. As for the specimens anodized by DC electrolysis, the decrease in tensile strength, elongation, and hardness of DC 10 mm is due to significant grain coarsening (Fig. 6(d) ). In the case of DC 1 mm, tensile strength and hardness are increased, despite the decrease in the amount of phase or dissolution of the network precipitates into the matrix (Fig. 8(b) ). Considering that the tensile strength, elongation, and hardness are simultaneously improved in DC 1 mm, fine precipitates of phase are expected to be present, although they are difficult to be observed by EPMA with a spatial resolution of $ 1 mm. The changes in the mechanical properties and microstructure can be explained as follows. Figure 9 shows a binary phase diagram of the magnesiumaluminum system and schematic illustrations of the microstructural changes occurring during anodization. The as-cast microstructure consists of aluminum-poor primary crystals of -Mg, aluminum-rich -Mg which surrounds the primary crystals, and network precipitates of -Mg 17 Al 12 formed by eutectic reaction during rapid solidification of the die-cast (Fig. 9(b) ). The process is qualitatively shown as broken curves in (Fig. 9(a) ), and the amount of is given by M (sol.). The non-equilibrium state becomes significant, especially at the surface that contacts the die and rapidly solidifies, and the inner volume contains many pores that decrease hardness.
When the as-cast substrate is heated during anodization, aluminum atoms diffuse from the aluminum-rich region to the aluminum-poor region, and a portion of the coarse precipitates dissolve into the -Mg matrix, the amount of which is given by M (ag.). This state is thought to correspond to the anodized specimen of DC 1 mm (Figs. 8(b), 9(c) ). When the anodizing bias is increased and the substrate is further heated, a liquid phase emerges as predicted by 9(a), and grain growth of simultaneously occurs. Since the liquid region solidifies rapidly in the electrolyte at 298 AE 5 K, precipitates of the phase, similar to those of the as-cast specimen, are observed in the cases of DC 5 mm (Figs. 8(c) ) and DC 10 mm (Figs. 8(d) ) specimens. Here, some of the precipitates of the phase shown in Fig. 8(d) are considered to be present within the coarse grains of (Fig. 6(d) ), which also supports the phase transformation shown in Fig. 9(d) .
Since discharge begins at lower bias in the case of AC electrolysis compared with DC electrolysis, as discussed in 4.1, the energy imparted to the substrate during AC electrolysis is smaller than that caused by DC electrolysis when an equivalent thickness of anodized layer is obtained by these two modes. That is, AC electrolysis can avoid an excessive increase in temperature during anodization, and undesirable grain coarsening ( Fig. 9(d) ) is suppressed even when excellent corrosion resistance (AC 10 mm or more) is achieved. This effect is advantageous especially in automotive applications where excellent mechanical properties and corrosion resistance are required for safe and economical operation.
Conclusion
In this research, ASTM AZ91D was anodized by DC or AC electrolysis in a solution of phosphate and ammonium salts. The surfaces were subjected to salt spray tests for the evaluation of corrosion resistance, followed by tensile testing and microstructural observation. The main results can be summarized as follows.
(1) Anodization by AC electrolysis improves corrosion resistance by densification of the anodized layer, compared with that obtained by DC electrolysis. (2) Tensile strength, elongation, and hardness are improved by anodization unless grain coarsening occurs at a large anodizing bias. (3) Improvement of mechanical properties is thought to be due to a decrease in network precipitates of theMg 17 Al 12 phase and fine precipitation inside the grains of -Mg phase at moderate temperature.
